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THE IMPACT O F  A HALJFORD NUCLEAR EfJERGY CENTER 
ON CLOUDINESS FXD INSOLATION 

J. V. Ramsdell 

P a c i f i c  Northwest Labora tory  
Richland,  Washington 

INTRODUCTION 

Reactor  c o o l i n g  system e f f l u e n t s  cou ld ,  under some 

c o n d i t i o n s ,  c o n t r i b u t e  t o  an i n c r e a s e  i n  c l o u d i n e s s  and a  

d e c r e a s e  i n  i n s o l a t i o n  ( s o l a r  r a d i a t i o n  r e c e i v e d  a t  t h e  e a r t h ' s  

s u r f a c e ) .  This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  an e v a l u a t i o n  

of  t h e  p o t e n t i a l  impact  of  a  Hanford Nuclear  Energy Cente r  

(HNEC) on c l o u d i n e s s  and i n s o l a t i o n .  I t  i s  one o f  a  s e r i e s  

of  r e p o r t s  p repared  by t h e  P a c i f i c  Northwest Labora tory  (PNL) 

i n  t h e  cou r se  o f  an e v a l u a t i o n  of t h e  energy c e n t e r  concept  

a s  it n i g h t  be a p p l i e d  t o  t h e  Department o f  Energy i s  Eanford 

A r e a  i n  Washington S t a t e  (1-3) . Prev ious  t o p i c a l  r e p o r t s  i n  

t h e  s e r i e s  S e a l  w i th  a  v a r i e t y  of s u b j e c t s  i n c l u d i n g  e l e c t r i c a l '  
( 4 )  t r a n s m i s s i o n  , f u e l  c y c l e ( 5 )  , h e a t  d i s p o s a l  ( 6 - 8 )  , and 

r e l i a b i l i t y  of g e n e r a t i o n  i 9-10 )  

The energy c e n t e r  concept  i n v o l v e s  t h e  grouping o f  a  l a r g e  

number o f  power p l a n t s  a t  a  common s i t e .  A n  energy c e n t e r  may 

a l s o  i n c l u d e  f u e l  p roduc t ion  and waste  d i s p o s a l  f a c i l i t i e s .  

Typically t h e  nuinber of power p l a n t s  considered ranges from 10 

t o  40. I n  t h e  concep tua l  e v a l u a t i o n  o f  a  Hanford Nuclear Energy 

Cente r  bo th  2 0  and 4 0  g e n e r a t i n g  u n i t  c e n t e r s  have been con- 

s i d e r e d ,  w i t h  t h e  2 0  u n i t  c e n t e r  r e c e i v i n g  t h e  most a t t e n t i o n .  

Within an energy c e n t e r  t h e  i n d i v i d u a l  power p l a n t s  a r e  qener -  

a l l y  grouped i n  c l u s t e r s  of  about  4 .  
ln 

Thermal power p l a n t s  c o o l i n g  systems u l t i m a t e l y  r e l e a s e  

a s i g n i f i c a n t  amount of energy to t h e  atmosphere,  I n  c u r r e n t  

des igns  t h i s  energy i s  p r i m a r i l y  r e l e a s e d  a s  l a t e n t  h e a t  

of  evapora t ion  of  wa te r  and s e n s i b l e  h e a t  i n  t h e  form o f  



i n c r e a s e d  a i r  t empera tu re .  Both t h e  a d d i t i o n  o f  wa te r  and t h e  

i n c r e a s e  i n  t empera tu re  can c o n t r i b u t e  t o  t h e  format ion  o f  

c l o u d s  by i n c r e a s i n g  t h e  i n s t a b i l i t y  of  t h e  atmosphere and 

t r i g g e r i n g  n a t u r a l  c loud  format ion  p roces ses .  The a d d i t i o n a l  

wate r  vapor  may a l s o  c o n t r i b u t e  t o  t h e  format ion  o f  c l o u d s  by 

d i r e c t l y  b r i n g i n g  t h e  a i r  t o  s a t u r a t i o n .  

I n c r e a s i n g  t h e  c l o u d i n e s s  w i l l ,  i n  t u r n ,  a l t e r  t h e  ba l ance  

o f  s h o r t  wave ( s o l a r )  and long  wave ( t e r r e s t r i a l )  r a d i a t i o n .  

,An i n c r e a s e d  c loud  l a y e r  w i l l  i n c r e a s e  t h e  f r a c t i o n  o f  incoming 

s o l a r  r a d i a t i o n  r e f l e c t e d  p r i o r  t o  r each ing  t h e  s u r f a c e .  Some 

of  t h e  r e f l e c t e d  s o l a r  r a d i a t i o n  w i l l  r e ach  t h e  s u r f a c e  as 

d i f f u s e  r a d i a t i o n  and some w i l l  be l o s t  t o  space .  The i n c r e a s e d  

c l o u d i n e s s  w i l l  a l s o  absorb  an i n c r e a s e d  f r a c t i o n  o f  t h e  long  

wave t e r r e s t r i a l  r a d i a t i o n .  Much o f  t h i s  ennrgy i s  r e r a d i a t e 3  

toward e a r t h  and i s  the reby  r e t a i n e d  i n  t h e  ear th-atmosphere  

system. 

S p e c i f i c a l l y  t h i s  r e p o r t  e s t i m a t e s  t h e  chenge i n  sky cDTJer 

and t h e  r e s u l t i n g  change i n  s o l a r  r a d i a t i o n .  I t  does  n o t  a t t e m p t  

t o  d i s t i n g u i s h  between d i r e c t  and d i f f u s e  s o l a r  r a d i a t i o n ,  

and it does  n o t  d e a l  w i t h  t h e  impact of  i n c r e a s e d  c l o u d i n e s s  on 

long wave r a d i a t i o n .  

The r e p o r t  i s  d i v i d e d  i n t o  f o u r  s e c t i o n s .  I n  t h e  f i r s t  

s e c t i o n  w e  w i l l  develop t h e  approach fol lowed i n  t h e  s t u d y ,  

s t a r t i n g  from e s t i m a t i o n  o f  t h e  d i s t r i b u t i o n s  of  c o o l i n g  

system e f f l u e n t s ,  p roceeding  th rough  e s t i m a t i o n  o f  changes i n  

sky cove r ,  and ending  w i t h  e s t i m a t i o n  i n  changes i n  i n s o l a t i o n .  

I n  t h e  second s e c t i o n  we w i l l  b r i e f l y  d e s c r i b e  t h e  HNEC and 

d i s c u s s  t h e  a s p e c t s  of  t h e  c l ima to logy  of t h e  Hanford Area 

t h a t  r e l a t e  t o  sky cover  and s o l a r  r a d i a t i o n .  W e  w i l l  t h e n  

develop t h e  s p e c i f i c  r e l a t i o n s h i p s  r e q u i r e d  t o  make a c t u a l  

e s t i m a t e s  of  t h e  changes.  I n  t h e  f i n a l  s e c t i o n s  we w i l l  examine 



t h e  e s t i m a t e d  changes ,  compare them w i t h  wors t  c a s e  e s t i m a t e s ,  

d i s c u s s  t h e i r  s t a t i s t i c a l  significance, and d i s c u s s  t h e  con- 

c l u s i o n s  reached.  

CONCEPTUAL DEVELOPMENT 

E s t i m a t i n g  changes i n  sky cover  and s o l a r  r a d i a t i o n  i s  a  

complex problem. I f  approached r i g o r o u s l y  a s  a  t ime  va ry ing ,  

t h r e e  d imecs iona l  problem i n  a tmospher ic  d i f f u s i o n  and t r a n s p o r t ,  

thermodynamics and r a d i a t i v e  t r a n s f e r ,  it would r e q u i r e  r e s o u r c e s  

beycnd t h o s e  c u r r e n t l y  a v a i l a b l e .  The re fo re ,  we approach t h e  

problem i n  a  s e r i e s  o f  s t e p s ,  each  of  which i s  t r e a t e d  w i t h  

s i m p l i f i e d  "back o f  t h e  envelope"  models. F requen t ly  it i s  

neces sa ry  t o  r e s o r t  t o  u se  of  p r o b a b i l i t y  arguments.  

Sky cover  i s  one o f  t h e  v a r i a b l e s  i nc luded  i n  s t a n d a r d  

weather  o b s e r v a t i o n s .  I t  i s  t h e  f r a c t i o n  o f  t h e  sky covered by 

c louds  and i s  expressed  i n  t e n t h s .  The amount of  sky cover  

r e 2 o r t e d  i s  a  s u b j e c t i v e  e s t i m a t e  of  t h e  obse rve r  and n o t  t h e  

r e s u l t  of  a  p r e c i s e  measurement. Sky cover  o b s e r v a t i o n s  

i n c l u d e  t h e  e s t i m a t e d  o r  measured h e i g h t  o f  each  c loud  l a y e r .  

A c e i l i n g  i s  s a i d  t o  e x i s t  when t h e  t o t a l  sky cover  i s  6/10 o r  

g r e a t e r .  Some weather  o b s e r v a t i o n s  a l s o  i n c l u d e  c loud  t y p e s .  

The c o o l i n g  system e f f l u e n t s  from an HNEC might a l t e r  any o r  a l l  

of  t h e s e  c loud  c h a r a c t e r i s t i c s .  I n  t h i s  s tudy  we w i l l  concen- 

t r a t e  on e s t i m a t i n g  t h e  change i n  t h e  t o t a l  sky cover .  However, 

i n  t h e  p r o c e s s  o f  e s t i m a t i n g  t h e s e  changes we w i l l  p o s t u l a t e  

c e r t a i n ,  l i m i t e d  changes i n  c loud  h e i g h t  and t y p e .  

* Changes i n  sky cover  a r e  p o t e n t i a l l y  r e l a t e d  t o  a  number 

of  f a c t o r s  i n c l u d i n g :  wind d i r e c t i o n  and speed ,  a tmospher ic  

s t a b i l i t y ,  a i r  t empera ture  and humidi ty  p r o f i l e ,  t h e  magnitude 

and d i s t r i b u t i o n  of  t h e  c o o l i n g  system e f f l u e n t  r e l e a s e s ,  t h e  

t i m e  of  day and y e a r ,  and t h e  i n i t i a l  sky cover .  To a  l a r g e  

e x t e c t  t h e  sky cover  change w i l l  be a  f u n c t i o n  of  t h e  magnitude 



of the perturbation in atmcspheric humidity and stability caused 

by the combined effluents frcm the cooling systems. The form of 

the change will be affected by atmospheric stability, temperature 

and humidity, and the location of the change will be a function 

of wind direction and geometric configuration of the source. 

Finally the increase in total sky cover cannot exceed fraction 

o£ the sky that is clear. 

Our basic approach is to first treat the problem of atmo- 

spheric diffusion and transport of cooling system effluents to 

identify the location  here changes are most likely, and to 

estimate the magnitude of the atmospheric perturbation caused 

by the effluents. This is done usicg a multiple-source, sector- 

average, Gaussian diffusion model. We will then use the esti- 

mated magnitude of the pertur5ations at each location in the 

effluent plume to estimate the fractional increase in sky cover 

at the location. Finally we will use the probability of occur- 

rence of the modeled atmospheric conditions (wind direction, 

wind s2eed and atnospheric stability), and the fractional in- 

crease in sky cover to modify the climatological sky cover 

probability distribution. The climatological distribution of 

sky cover is assumed to represent current conditions in the 

entire area and is therefore independent of position, but the 

revised sky cover probability distribution is a function of 

position. The revised sky cover distribution is then used to 

estimate the change in insolation at each location. 

The undepleted insolation passing through a plane normal 

to the sun's rays at the top ~f the earth's atmosphere is 
2 

about 1.95 ly min-I (callcrn -min). This is called the solar 

constant. The solar energy reaching the earth's surface is a 

function of latitude, time of year and day, cloudiness and air 

quality. Usually the energy flux is significantly less than 

the solar constant. However, occasionally the conbination of 

direct radiation and radiaticn reflected from clouds can cause 

the energy flux at the surface to approach the solar constant 



f o r  s h o r t  p e r i o d s .  The e f f e c t  of clouciiness on s o l a r  r a d i a t i o n  

depends on a number of  f a c t o r s  i n c l u d i n g ,  t h e  amount o f  sky 

cove r ,  c loud  t y p e s ,  and c loud  h e i g h t .  There a r e  s e v e r a l  t y p e s  

of s o l a r  r a d i a t i o n  measurements, however t h e  most comnon i s  

measurement o f  t o t a l  incoming short-wave r a d i a t i o n  r e c e i v e d  on 

a  h o r i z o n t a l  s u r f a c e  a t  t h e  e a r t h ' s  s u r f a c e .  T h i s  measurement 

does  n o t  d i s t i n g u i s h  between d i r e c t  and d i f f u s e  r a d i a t i o n .  

To e s t i m a t e  t h e  changes i n  s o l a r  r a d i a t i o n  r e s u l t i n g  from 

i n c r e a s e d  sky c o v e r ,  w e  w i l l  make u s e  o f  t h e  r e v i s e d  sky cover  

p r o b a b i l i t y  d i s t r i b u t i o n  and e m p i r i c a l  r e l a t i o n s h i p s  between 

sky cover  and s o l a r  r a d i a t i o n .  These r e l a t i o n s h i p s ,  developed 

us ing  i n s o l a t i o n  d a t a  c o l l e c t e d  a t  Hanford, p rov ide  an e s t i m a t e  

of  t h e  s o l a r  r a d i a t i o n  t h a t  would be  expec ted  a t  each l o c a t i o n  

based on t h e  r e v i s e d  c loud  d i s t r i b u t i o n .  The d e c r e a s e  i n  

i n s o l a t i o n  can t h e n  be e s t i m a t e d  by comparing c u r r e n t  c l ima to -  

l o g i c a l  average  v a l u e s  w i t h  t h o s e  e s t i m a t e d  from t h e  r e v i s e d  

c l o u d i n e s s  d i s t r i b u t i o n .  

We w i l l  now deve lop  each  o f  t h e s e  concep t s  i n  d e t a i l .  

The Di f fus ion  Model 

The mul t i p l e - sou rce  d i f f u s i o n  model used i n  t h i s  s tudy  was 

developed f o r  an e a r l i e r  HNEC s tudy  and i s  d e s c r i b e d  i n  detail 

i n  Reference ( 8 ) .  I t  i s  a  s e c t c r - a v e r a g e ,  Gaussian model t h a t  

i n c o r p o r a t e s  r e f l e c t i o n  a t  t h e  s u r f a c e  and a t  an o p t i o n a l  upper 

boundary. I n d i v i d u a l  sou rces  a r e  t r e a t e d  a s  v i r t u a l - p o i n t  

sou rces ,  and t h e  c o n c e n t r a t i o n  a t  each  r e c e p t o r  p o i n t  i s  

e s t ima ted  by combination o f  t h e  c o n c e n t r a t i o n s  from a l l  sou rces .  

The sec to r - ave rage  model i s  d e s c r i b e d  i n  S e c t i o n  3 . 3  of  

Meteorology and Atomic Energy - 1968 (11) , w h i l e  t h e  t r e a t m e n t  

of  t h e  r e f l e c t i n g  l i d  i s  based upon S e c t i o n  6 . 6  o f  Csanady 's  

Turbulen t  D i f fus ion  i n  t h e  Environment (12 )  

For  purposes  of  t h i s  s tudy  we w i l l  u se  wa te r  a s  an i n d i c a -  

t o r  of t h e  m o d i f i c a t i o n  p o t e n t i a l  o f  t h e  c o o l i n g  system 



effluents. A large increase in atnospheric water content is 

assumed to correspond to a high potzntiai fcr increasing sky 

cover. However, we do not claim that the modification will be 

caused by any specific process, i.e., saturation or triggering 

an instability. 

The model used to estimate increases in water content 

(assumed -to be water vapor) is: 

where : 

(00~) ki is the inzrease in water vapor concentration 

at receptor k due to source i, 

Qi is the water vapor release rate of source i, 
,. 
n is related to the assumed plume width, 

by A = n/,i when 4o is the radians, 
0 

u is the vertical dispersion parameter, 
Z 

- 
u is the wind speed, 

x is the distance between the receptor and 

virtual point source, 

z is the height above the ground, 

hi is the effective height for source i, and 

H is the height of the reflecting lid. 

Equation 1 can be simplified if any or all of z, hi and 

H are zero. The greatest simplification occurs if H is zero. 

In that case the infinite sum is eliminated. If h is zero 
i 

the two exponential terms can be ccmbined. If z=o the infinite 

sum is twice the sum from o to m. Finally, if all three are 

zero, the infinite sum an2 the exponential terms are eliminated. 



In the current application n3ne of these simplifications is 

appropriate, but the infinite sum is truncated at j = r 2 .  

In the case of cooling tower effluents the effective 

height of release is the actual release height plus plume rise 

due to buoyancy. Brigg's formulae are used to estimate final 

plume rise (13) 

In model computations, the Briggs' formulations (14) for 

a are used. Table 1 gives the Hanford stability classes used, z 
the corresponding Pasquill-Gifford stability classes, and the 

Briggs' a formulations. 
Z 

TABLE 1. Relationships Between a,, Atmospheric 
Stability and Distance from the Virtual 
Point Source to Receptor 

Stability Class V 
Z 

Pasauill-Gifford Hanf ord 

Unstable 

Neutral 

E Slightly stable .03x/ (i+. 0003x) 

F Moderately stable .02x/(i+.0003x) 

During high wind speed conditions, a standard wake correction 

is applied to the values of o . z 

The Sky Cover Model 

In the current application, the diffusion model is run for 

each combination of wind speed, direction and atmospheric 

stability. At the completion of each run the increase in water 

content is used to estimate the increase in cloudiness as a 



f u n c t i o n  o f  p o s i t i o n .  The c l i m a t o l o g i c a l  change i n  sky cove r  

i s  e s t i m a t e d  by summing t h e  r e s u l t s  f o r  each  combination o f  wind 

speed ,  d i r e c t i o n  and s t a b i l i t y  weighted by f requency o f  occur-  

r ence  o f  t h e  combination.  For t h i s  i n i t i a l  s t udy  we assume t h a t  

sky cover  i s  s t a t i s t i c a l l y  independent  o f  t h e s e  f a c t o r s .  I f  a  

more d e t a i l e d  s t u d y  i s  war ran ted ,  t h e  s t a t i s t i c a l  independence 

w i l l  b e  examined and taken  i n t o  account  a s  neces sa ry .  

The r e l a t i o n s h i p  between t h e  c o o l i n g  system e f f l u e n t s  and 

i n c r e a s e d  c l o u d i n e s s  a r e  n o t  w e l l  e s t a b l i s h e d .  A number of  

s t u d i e s ,  e. g . ,  References  (15) th rough  (17)  , have used numer ica l  

models t o  p r e d i c t  t h e  e x t e n t  c louzs  and plumes produced by 

c o o l i n g  towers .  I n  g e n e r a i  t h e s e  models r e q u i r e  more i n p u t  

d a t a  t han  i s  r e a d i l y  a v a i l a b l e  f o r  an HNEC. I n  a d d i t i o n ,  t h e  

models '  a b i l i t i e s  t o  adequa te ly  handle  t h e  s y n e r g i s t i c  e f f e c t s  

of m u l t i p l e  e f f l u e n t  sou rces  a r e  open t o  q u e s t i o n .  A s  a  r e s u l t ,  

we w i l l  t r e a t  t h e  r e l a t i o n s h i p  between e f f l u e n t  c o n c e n t r a t i o n  

and i n c r e a s e d  c l o u d i n e s s  i n  a  h i g h l y  pa rame te r i zed  f a s h i o n .  

We %ill assume t h a t  an i n c r e a s e  i n  wa te r  c o n t e n t  a t  a  p o i n t  i s  

d i r e c t l y  r e l a t e d  t o  a  f r a c t i o n a l  i n c r e a s e  i n  c i o u d i n e s s .  The 

r e l a t i o n s h i p  w i l l  be e n t e r e d  i n  t h e  sky cover  model a s  a  t a b l e .  

A s  b e t t e r  i n fo rma t ion  becomes a v a i l a b l e ,  t h e  t a b l e  can be 

a l t e r e d  and more r e a l i s t i c  r e l a t i o n s h i p s  can be formula ted .  

I f  we l e t  SC r e p r e s e n t  t h e  sky c c v e r ,  t h e  amount of t h e  

sky a v a i l a b l e  f o r  i n c r e a s e d  c l o u d i n e s s  i s  (10-SC). The i n c r e a s e  

i n  sky cover  i s  t h e n  t h e  produc t  of  t h e  sky a v a i l a b l e  and t h e  

f r a c t i o n a l  i n c r e a s e ,  f i ,  r e s u l t i n g  frore. a g iven  c o o l i n g  system 

e f f l u e n t  c o n c e n t r a t i o n ,  i . e . ,  

And, t h e  e s t i m a t e  of t h e  cor responding  sky cover  assuming an 

o p e r a t i n g  HNEC, SC* i s  



SC* = SC + fi (10-SC) . 
We will assume that the sky cover observations at the 

Hanford Meteorology Station are representative of the whole 

Mid-Columbia Region so that SC is not a function of position. 

However, the fractional increase in sky cover is a function 

of position. Therefore, SC* is also a fanction of position. 

We will treat the temporal variation of average sky cover 

by use of probability distributions for SC. These d~stributions 

will be changed on a monthly basis. Systematic diurnal variations 

in sky cover exist, but in the Mid-Columbia region they are small 

compared to the annual variation represented by the monthly 

probability distributions. As a result, they will be neglected. 

It seems reasonable to assume that the relationship between 

cooling system effluent concentration and fractional increase 

in sky cover should have both annual and diurnal variability. 

Because of the limited information on which to base this 

relationship, we will neglect any diurnal variations and treat 

the annual variations by altering the conversion table seasonally. 

In the winter we will allow a relatively small increase in 

water content to make a relatively large fractional increase 

in sky cover; in the summer a relatively large increase in 

water content will make a relatively small fractional increase 

in sky cover, and the spring and fall will be treated in an 

intermediate manner. We will examine the sensitivity of the 

sky cover model to changes in the conversion table by modeling 

each season with a "worst case table" in which a small increase 

in water content results in an overcast sky condition. 

After the change in sky cover is estimated at each position, 

the sky cover probability distribution at each position will be 

updated. If we let Po(SC) be the climatological probability of 

sky cover, SC,and Pw be the joint probability of the given wind 

speed and direction, and atmospheric stability, the change in 



sky cover probability 52 is : SC 

We then update the sky cover probability distributions at each 

position using SC and SC* as indices: 

P* (SC*) = P* (SC*) + APSC 
1 j 1 j 

and 

P F j  (SC) = P* (SC) - APSC 
11 

where P* (SC*) and P* (SC) are updated parts of the sky cover 
lj 11 

probability distribution at position i,j. Prior to the first 

update, P T j  (SC) are set equal to Po(SC) ; as the number of 

conditio~s modeled increases they take on their own character- 

istics. 

When all atmospheric conditions have been modeled, we 

compute a new mean sky cover for each position using Equation 

(7) : 

s q j  =C sc* P*.(SC*) . 
1 7  

SC* 

The initial average sky cover is computed using SC and Po(SC). 

Finally we estimate the increase in sky cover as: 

The outputs of the sky cover model are, then: an updated 

probability distribution of sky cover, an estimate of the 

average sky cover ass-ming an operatizq EINEC, and an estimate 



of  t h e  i n c r e a s e  i n  average  sky cover  o v e r  i t s  c u r r e n t  c l imato-  

l o g i c a l  va lue .  Each o f  t h e s e  i t e m s  v a r i e s  from month t o  mcnth. 

The S o l a r  Radia t ion  Model 

The l i t e r a t u r e  on t h e  r e l a t i o n s h i p  between sky cover  and 

s o l a r  r a d i a t i o n  i s  r e l a t i v e l y  e x t e n s i v e  and much of  it i s  

a p p l i c a b l e  t o  t h e  c u r r e n t  problem. Geiger  ( I8) i n d i c a t e s  t h a t  

t h e  r a t i o  o f  s o l a r  r a d i a t i o n  on c l e a r  days t o  t h a t  on cloudy 

days i s  about  .25 i n  t h e  w i n t e r ,  .50 i n  t h e  summer, and has  an - 

annual  average about  .40.  More r e c e n t  works (19-23) give 

q u a n t i t a t i v e  r e l a t i o n s h i p s  between sky cove r  and r a d i a t i o n .  i n  

g e n e r a l  t h e r e  r e l a t i o n s h i p s  show a  q u a d r a t i c  dec rease  i n  

r a d i a t i o n  w i t h  i n c r e a s i n g  sky cover .  A wide range o f  numer ica l  

c o n s t a n t s  i n  t h e  r e l a t i o n s h i p s  i n d i c a t e s  t h a t  t h e  equa t ions  a r e  

r a t h e r  s p e c i f i c  t o  t h e  p a r t i c u l a r  d a t a  s e t  used i n  t h e i r  

development. A s  a  r e s u l t  w e  w i l l  u se  s o l a r  r a d i a t i o n  and sky 

cover  d a t a  from Hanford t o  develop o u r  own r e l a t i o n s h i p .  

The l i t e r a t u r e  ( e . g . ,  20, '24-27)  c l e a r l y  shows t h a t ,  i n  

a d d i t i o n  t o  t o t a l  sky cove r ,  c loud  type  is  a  s i g n i f i c a n t  f a c t o r  

i n  de te rmin ing  t h e  r e d u c t i o n  i n  s o l a r  r a d i a t i o n .  I n  p a r t i c u l a r  

h igh ,  t h i n  c i r r i f o r m  c louds  a r e  s i g n i f i c a n t l y  l e s s  e f f e c t i v e  

i n  reduc ing  s o l a r  r a d i a t i o n  t h a n  a r e  lower ,  t h i c k e r  c louds .  

The use  of  t o t a l  sky cover ,  i n c l u d i n g  c i r r i f o r m  c louds  i n  

e s t i m a t i n g  s o l a r  r a d i a t i o n  t e n d s  t o  unde re s t ima te  i n  s o l a r  

r a d i a t i o n  (20,251 Lurid ( 2 4 )  , and Lund and Shankl in  ( 2 6 )  i n d i c a t e  

t h a t  t h e  p r o b a b i l i t y  s e e i n g  t h e  sun i s  6 t o  2 0 %  g r e a t e r  t h a n  

t h e  p r o b a b i l i t y  o f  a  c loud- f r ee  l i n e  o f  s i g h t .  The d i f f e r e n c e  

i s  l a r g e l y  a  r e s u l t  of  c i r r i f o r m  c louds .  F i n a l l y  Angel1 and 

Korshover ( 2 7 )  i n d i c a t e  t h a t  h i g h ,  t h i n  c i r r u s  c louds  have no 

e f f e c t  on sunsh ine .  A s  a  r e s u l t ,  o u r  t r e a t m e n t  of  t h e  sky 

cover  p r o b a b i l i t y  d i s t r i b u t i o n  w i l l  d i s t i n g u i s h  between sky 

and low c e i l i n g s .  High c e i l i n g s  w i l l  be t r e a t e d  a s  c i r r i f o r m  

c louds .  



We will estimate the solar radiation at any time during 

operation of an HNEC as the product of the solar radiation in 

the absence of the HNEC and a function that relates sky cover 

and solar radiaticn at Hanford. Thst is: 

where SR3 is an estimate of the solar radiation at i , j  given 
11 

sky cover SC*: SRo is the average solar radiation and F(SC*,X) 

relates solar radiaticn and sky cover. 

The average solar radiation fcr  a gi~en period of time is 

found by weighting the estimates of the past HNEC solar radiation 

by the probability of SC*. This is shown in Equation (10): 

where zo is the appropriate pre-HAEC average. The decrease in 
- - 

solar radiation is then sinply the difference between SR* and 
- ij 
SRo . 

Prior to developing the table that specifically relates 

cooling system effluent concentration to increased sky cover 

and a mathematical expression for F(SC*,SC), we will discuss 

the HNEC configuration and the Hanford area climate. 

THE HANFORD NUCLEAR ENERGY CENTER 

The conceptual HNEC configuration and the climatology of 

the Hanford area are important because the results presented are 

specific to the HNEC, although the a~proach described is 

general. 



HNEC Conf iqu ra t ion  

The Hanford a r e a  i s  s i t u a t e d  i n  t h e  sou the rn  p o r t i o n  of 

E a s t e r n  Washington n e a r  t h e  Oregon bo rde r  a s  shown i n  F igu re  1. 

The Columbia River ,  which r u n s  t h r o u ~ h  t h e  a r e a ,  p rov ides  an 

adequa te  s o u r c e  o f  wa te r  f o r  t h e  o p e r a t i o n  of  w e t  c o o l i n g  systems 

i n  t h e  c e n t e r .  

During t h e  HNEC conceptua l  s t u d i e s  numerous s i t e s  have 

been cons ide red  a s  p o t e n t i a l  c l u s t e r  l o c a t i o n s .  Ana lys i s  o f  t h e  

HNEC concept  i s  c u r r e n t l y  c o n c e n t r a t i n g  on a  20 power p l a n t  

c e n t e r  w i t h  c l u s t e r s  l o c a t e d  a t  s i t e s  1 through  5  i n  F igu re  2. 

I n  t h i s  r e p o r t ,  HNEC s p e c i f i c a l l y  r e f e r s  t o  power p l a n t  c l u s t e r s  

a t  t h e s e  l o c a t i o n s .  Each c l u s t e r  c o n s i s t s  o f  f o u r  power p l a n t s  

t h a t  a r e  assumed t o  use  mechanical  d r a f t  towers  f o r  coo l ing .  

I n  t h e  computat ions ,  t h e  c o o l i n g  systems f o r  t h e  power 

p l a n t s  i n  each  c l u s t e r  a r e  t r e a t e d  a s  a  s i n g l e  e n t i t y ;  no 

e f f o r t  has  been made t o  examine smal l  s c a l e  e f f e c t s .  When a  

c l u s t e r  i s  t o  be t h e  e f f l u e n t  sou rce ,  a  v i r t u a l  p o i n t  sou rce  

i s  found us ing  wind d i r e c t i o n ,  s t a b i l i t y  and an a c t u a l  sou rce  

wid th  o f  1609 m (1 m i . ) .  I t  i s  assumed t h a t  each c l u s t e r  w i l l  
2 occupy approximately  2.6 Km (1 sq .  m i .  ) . The h e i g h t  of  t h e  

c o o l i n g  towers  i s  assumed t o  be 25 m. Receptors  a r e  t r e a t e d  

a s  p o i n t s .  A d e t a i l e d  d i s c u s s i o n  of  t h e  sou rce - r ecep to r  

geometry i s  con ta ined  i n  Reference 8 .  

Hanford Di f fus ion  Cl imatology 

The b a s i c  r e f e r e n c e  on Hanford Cl imatology i s  Climatography 

o f  t h e  Hanford Area ( 2 8 ) .  A d d i t i o n a l  i n fo rma t ion  r e l a t i v e  t o  t h e  

conceptua l  HNEC i s  given i n  Reference 8 .  I n  g e n e r a l ,  t h e  

c l i m a t e  i s  t y p i c a l  o f  a  m i d - l a t i t u d e  d e s e r t - s t e p p e .  The pre -  

v a i l i n g  wind d i r e c t i o n s  a r e  nor thwes t  and sou thwes t ,  w i t h  speeds  
-1 averag ing  between 2 and 3 m s and o c c a s i o n a l  p e r i o d s  of  h igh 

speeds .  
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FIGURE 2 .  The Mid Columbia Area and P o t e n t i a l  
C l u s t e r  Loca t ions  f o r  an HNEC. Grid  
Spacing i s  8 0 0 0  M. 

Atmospheric d i f f u s i o n  i s  r e l a t e d  t o  wind and a tmospher ic  

s t a b i l i t y  a s  shown i n  Equat ion (1). The j o i n t  f requency d i s t r i -  

b u t i o n s  o f  wind d i r e c t i o n ,  wind speed and a tmospher ic  s t a b i l i t y  

r e q u i r e d  f o r  d i f f u s i o n  computat ions  i n v o l v i n g  s p e c i f i c  sou rces  

and r e c e p t o r s  a r e  given i n  Tables  2-5 f o r  Hanford by season.  



TABLE 2. Spring Percentage Frequency Distribution of Wind Speed 
and Wind Direction at 200-Foot Level vs. Atmospheric 
Stability 
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TABLE 3. Summer Percentage Frequency Distribution of Wind Speed 
and Wind Direction at 200-Foot Level vs. Atmospheric 
Stability 
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TABLE 4. Fall Percentage Frequency Distribution of Wind Speed 
and Wind Direction at 200-Foot Level vs. Atmospheric 
Stabi lity 
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TABLE 5 .  Win te r  P e r c e n t a g e  Frequency  D i s t r i b u t i o n  of Wind Speed 
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S e l e c t i o n  of  angu la r  wid th  f o r  t h e  sec tor -averaged  plume 

i s  governed by t h e  form of  a v a i l a b l e  wind d i r e c t i o n  d a t a .  

Table  2 shows t h a t  Hanford wind d a t a  nave been compiled i n  16 

d i r e c t i o n  s e c t o r s .  A s  a r e s u l t ,  t h e  plurne ,width has  been s e t  

a t  22.5 '  f o r  t h i s  s tudy .  The mixing h e i g h t  t e n d s  t o  va ry  

d i u r n a l l y  and s e a s o n a l l y  w i t h  t h e  g r e a t e s t  h e i g h t s  g e n e r a l l y  

found on summer a f t e r n o o n s  and t h e  lowest  on w i n t e r  n i g h t s .  

W e  w i l l  i g n o r e  t h e  known d i u r n a l  v a r i a t i o n  and assume a  c o n s t a n t  

n i x i n g  h e i g h t  f o r  each season ,  a s  shown i n  Table  6 .  A r e c e n t  

s e r i e s  o f  measurements a t  Hanford i s  expec ted  t o  p rov ide  b e t t e r  

in format ion  on mixing h e i g h t s .  

TABLE 6 .  Assumed Heights  of t h e  
Mixed Layer by Season 

Season Heiah t  

Sp r ing  

Summer 1500 m 

F a l l  1000 m 

Winter  500 m 

Hanford Sky Cover Cl imatology 

Sky cover  i s  observed and recorded  each  hour a t  t h e  Hanford 

Meteorology S t a t i o n .  A t  t h e  end of each month, t h e  ave rage  sky 

cover  f o r  d a y l i g h t  hours  i s  computed and pub l i shed  i n t e r n a l l y  

f o r  u s e  by t h e  Hanford c o n t r a c t o r s .  The sky cover  d a t a  i n  

Reference 2 8 ,  i n  t h e s e  monthly summaries, and i n  a random 

sample of  d a t a  t aken  from t h e  o r i g i n a l  r e c o r d s  form t h e  b a s i s  

o f  t h e  c l ima to logy  p r s s e n t e d  h e r e .  

Annual and monthly sky cover  averages  f o r  Hanford a r e  

p r e s e n t e d  i n  Table  7 f o r  s e v e r a l  d i f f e r e n t  d a t a  s e t s .  I t  

should be no ted  t h a t  f o r  eve ry  month t h e  sky cove r  d u r i n g  day- 

l i g h t  hours  i s  e q u a l  t o  o r  g r e a t e r  t han  t h e  2 4  hour ave rage .  



This  i s  an i n d i c a t i o n  t h a t  convec t ive  a c t i v i t y ,  caused by 

s o l a r  h e a t i n g ,  i s  a  s i g ~ i f i c a n t  f a c t o r  i n  t h e  c loud  format ion  

p roces ses  a t  Hanford. 

The l a s t  column i n  Table  7 g i v e s  t h e  s t a n d a r d  d e v i a t i o n  

of  t h e  monthly sky cover  averages  f o r  t h e  p e r i o d  1967 th rough  

1977. They a r e  n e g a t i v e l y  c o r r e l a t e d  w i t h  t h e  mean sky cover .  

That  i s ,  h igh  average  sky cove r s  a r e  a s s o c i a t e d  w i t h  sma l l  

s t a n d a r d  d e v i a t i o n s .  Th i s  means t h a t  t h e  y e a r  t o  y e a r  v a r i -  

a b i l i t y  i n  sky cover  i n  t h e  w i n t e r  i s  l e s s  t h a n  t h a t  f o r  t h e  

summer. A s  a  r e s u l t  a  g iven  change i n  t h e  long  term average  

sky cover  would be e a s i e r  t o  d e t e c t  s t a t i s t i c a l l y  i n  t h e  w i n t e r  

t han  it would be  i n  t h e  summer. 

TABLE 7.  Monthly and Annual Sky Cover ( i n  Tenths)  
f o r  Hanford wi th  S tandard  Devia t ion  o f  
Monthly Averages of Sky Cover f o r  Dayl igh t  
Hours about  t h e  Mean f o r  t h e  Pe r iod  1967- 
1977 

January 

February 

March 

A p r i l  

May 
June 

J u l y  

August 

September 

October 

November 

December 

Annual Average 

A l l  Hours 
1967-1970 

7.6  

Dayl igh t  
1946-1975 

Dayl igh t  
1967-1977 

S t .  Dev. 
1967-1977 



Average sky cover  i s  g iven  i n  Table  8  f o r  each  hour  f o r  t h e  

mid-day p e r i o d  between 0800 and 1600 PST by months. During t h e  

months o f  November th rough  February t h e  sky cover  i s  a  maximum 

i n  t h e  morning about  s u n r i s e .  During t h e  remainder o f  t h e  

y e a r  it i s  a  maximum i n  t h e  mid t o  l a t e  a f t e rnoon .  The d i u r n a l  

v a r i a t i o n  i n  sky cover  i s  less than  2 t e n t h s  I n  a l l  months and 

i s  g r e a t e s t  i n  t h e  s p r i n g  an2 f a l l .  The d i u r n a l  v a r i a t i o n  i s  

r e l a t i v e l y  s m a l l  compared w i t h  t h e  annual  v a r i a t i o n  o f  monthly 

ave rages .  

TABLE 8. Mid-Day V a r i a t i o n  of  Monthly Average 
Sky C o T ~ z r  ( i n  t e n t h s )  

January  

February 

March 

A p r i l  

May 
June  

J u l y  

August 

September 

October 

November 

December 

TIME (PST) 

11 1 2  1 3  1 4  1 5  16 

8 . 1  8 .1  8 .1  8.0 8 .0  8 . 1  

7.3 7.4 7 .4  7.4 7.4 7 .4  



Hanford S o l a r  Radia t ion  C l i m a t o l o w  

S o l a r  r a d i a t i o n  i s  measured a t  t h e  Hanford Meteoro log ica l  

S t a t i o n  us ing  a  c a l i b r a t e d  Eppley Pyranometer.  S i g n a l s  from 

t h e  dev ice  a r e  con t inuous ly  recorded  on a  s t r i p  c h a r t  and 

reduced manually t o  determine t h e  s o l a r  r a d i a t i o n  r e c e i v e d  each  

hour. 

The average d a i l y  s o l a r  r a d i a t i o n  a t  Hanford i s  g iven  i n  

Table  9 by month f o r  t h e  p e r i o d s  1953 th rough  1975 and 1967 

th rough  1977. The s t a n d a r d  d e v i a t i o n s  of  t h e  i n d i v i d u a l  

monthly averages  i n  t h e  1967-1977 p e r i o d  a r e  g iven  i n  t h e  t h i r d  

column. The f i n a l  two columns o f  t h e  t a b l e  i nvo lve  t h e  s o l a r  

r a d i a t i o n  r e c e i v e d  a t  t h e  t o p  of  atmosphere above Hanford. The 

i n c i d e n t  r a d i a t i o n  e s t i m a t e s  i n  column 4 a r e  t aken  from 

Reference ( 2 9 ) .  The l a s t  columns shows t h a t  t h e  f r a c t i o n  of  

t h e  i n c i d e n t  r a d i a t i o n  r e c e i v e d  a t  t h e  s u r f a c e  v a r i e s  from about  

4 0 %  i n  t h e  w i n t e r  t o  s l i g h t l y  o v e r  70% i n  J u l y .  One of  t h e  

major f a c t o r s  a f f e c t i n g  t h i s  f r a c t i o n  i s  sky cover .  

Diurna l  v a r i a t i o n  o f  t h e  monthly average  s o l a r  r a d i a t i o n  

between 0 8 0 0  and 1 6 0 0  PST i s  shown i n  Table  1 0 .  The maximum 

i n s o l a t i o n  o c c u r s  i n  J u l y  f o r  t h e  hour beg inn ing  a t  1 1 0 0  PST, 

r a t h e r  t han  i n  June .  Again t h i s  can be  a t t r i b u t e d  t o  t h e  

d i f f e r e n c e  i n  c l o u d i n e s s  between J u l y  and J u l y .  

SPECIFIC HNEC SKY COVER AND SOLAR RADIATION MODELS 

The f i n a l  t o p i c  t o  be covered p r i o r  t o  t h e  p r e s e n t a t i o n  o f  

t h e  s tudy  r e s u l t s  i s  t h e  development of  HNEC s p e c i f i c  models f o r  

t h e  conve r s ion  o f  c o o l i n g  system e f f l u e n t  c o n c e n t r a t i o n s  t o  

changes i n  sky cover  and s o l a r  r a d i a t i o n .  I n  t h i s  s e c t i o n  we 

w i l l  d e a l  w i t h  t h e  change i n  sky cover  f i r s t  and then  t h e  change 

i n  s o l a r  r a d i a t i o n .  We w i l l  end t h e  s e c t i o n  wi th  a  qu ick  check 

on t h e  c o n s i s t e n c y  of  o u r  n o d e l s  w i t h  e x i s t i ~ g  in fo rma t ion .  



TABLE 9. 
-1 

A v e r a g e  D a i l y  S o l a r  R a d i a t i o n  ( l y  d a y  ) 

D a i l y  
T o t a l  

1953-1975 - 
1 2 0  

D a i l y  
T o t a l  

1967-1977 

1 1 8  

S t a n d a r d  
D e v i a t i o n  
1967-1977 

1 4  

I n c i d e n t  
a t  Top o f  

A t m o s p h e r e  

260  

F r a c t i o n  
R e c e i v e d  

a t  S f c  

. 46  J a n u a r y  

F e b r u a r y  

March 

A p r i l  

May 

J u n e  

J u l y  

A u g u s t  

S e p t e m b e r  

O c t o b e r  

November 

December 

Annua l  



J a n u a r y  

F e b r u a r y  

March 

A p r i l  

May 

June  

J u l y  

August  

September 

Oc tober  

November 

December 

-1 
TABLE 1 0 .  Mean S o l a r  R a d i a t i o n  ( l y  h r  ) 

by Month and H c u r  

TIME ( P S T )  

12  1 3  - - 
2 i . 9  1 8 . 3  

33.1 30.0 

48.2 43.9 

57.7 52.0 

63.7 59.7 

69.2 63.8 

73.8 69.0 

6 6 . 1  62.7 

55.6 50 .3  

39.8 33.8 

23.0 1 8 . 9  

1 7 . 3  1 4 . 5  

Sky Cover I n c r e a s e  

The c o n v e r s i o n  f a c t o r  t h a t  r e l a t e s  changes  i n  s k y  c o v e r  

t o  c o o l i n g  sys tem e f f l u e n t  c o n c e n t r a t i o n  w i l l  b e  assumed. How- 

e v e r ,  p r i o r  t o  s t a t i n g  t h e  a s s u m p t i o n ,  w e  w i l l  examine a d d i t i o n a l  

i n f o r m a t i o n  t h a t  should b e  r e l a t e d  t c  t h e  c o n v e r s i o n .  

F i g u r e  3 shows t h e  d i u r n a l  v a r i a t i o n s  o f  sky c o v e r  and 

t e m p e r a t u r e  and r e l a t i v e  h u m i d i t y  n e a r  ground l e v e l  f o r  J a n u a r y ,  

A p r i l ,  J u l y  and Oc tober .  I n  t h e  w i n t e r  t h e  d i u r n a l  s k y  c o v e r  

v a r i a t i o n  i s  s m a l l ,  t h e  t e m p e r a t u r e s  a r e  g e n e r a l l y  low and t h e  

r e l a t i v e  h u m i d i t y  i s  h i g h .  Under t h e s e  c o n d i t i o n s  w e  w i l l  

assume t h a t  c o o l i n g  s y s t e m  e f f l u e n t s  might  c a u s e  an i n c r e a s e  i n  

c l o u d i n e s s  due t o  t r i g g e r i n g  c o n v e c t i v e  a c t i v i t y  o r  t h e y  might  

s imply  s a t u r a t e  t h e  a i r .  I n  t h e  fo rmer  e v e n t  o n l y  a  p o r t i o n  o f  

t h e  a v a i l a b l e  c l e a r  s k y  would b e  covered  by an i n c r e a s e  i n  
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cloudiness and in the latter all the clear sky would be 

covered. 

In the remaining seasons the temperatures are sufficientiy 

high that the probability of saturating a large volume of air 

is remote. As a result increases in cloudiness would be 

associated with increased convective activity. The large diurnal 

variation in sky cover shown for the spring and fall indicates . 

that the atmosphere is generally ready for the formation of 

clouds if convective activity can be initiated. The diurnal 

variation in sky cover is relatively small in the summer, 

even though the temperature variation is high. This indicates 

that convective activity, although associated with the production 

of clouds, is not as efficient as it is in the spring and fall, 

As a result, in our conversion from effluent concentration to 

sky cover increase a given effluent concentration will be assumed 

to cause a larger fractional increase in sky cover in the spring 

and fall than it does in the summer. During these seasons, 

the maximum fractional increase in sky cover will be less than 

100% of the available free sky. 

Having established this background, we assume the conversion 

factors presented in Table 11. Earlier we assumed that water 

concentration would be a tracer for the cooling system effluents, 

thus Table 11 uses increased water content as the independent 

variable. 

The actual conversion between effluent concentration and 

increased sky cover is unknown, therefore this table represents 

a significant weakness in the study. However, the conversions 

assumed probably will result in over estimation of the increase 

in sky cover. To ensure that a maximum increase in cloudiness 

is evaluated, we will run each of the mid season months with a 

worst case conversion table. In that table an increase of water 

content of 0.1 g m-3 will result in a 100% fractional increase 

in cloudiness, i.e., the sky cover will increase to 10/'10. 
- 



W i n t e r  

TABLE 11. Convers ion  T a b l e  R e l a t i n g  a n  I n c r e a s e  i n  Water  
Con ten t  t o  an  I n c r e a s e  i n  Sky Cover 

S p r i n g  - Summer 

A P v  



The R e l a t i o n s h i p  Between Skv Cover and S o l a r  Radia t ion  

I n t u i t i o n  l e a d s  us t o  expec t  an i n v e r s e  r e l a t i o n s h i p  

between sky cover  and s o l a r  r a 6 i a t i o n .  This  e x p e c t a t i o n  i s  

borne o u t  by d a t a  a s  i s  shown i n  F igure  4 ,  which shows t h e  

annual  v a r i a t i o n  of  monthly averages .  I t  i s  p a r t i c u l a r l y  

e v i d e n t  i n  t h e  i n c r e a s e  i n  i n s o l a t i c n  between June and J u l y  

a l t hough  Table  9 shows t h a t  t h e  s o l a r  r a d i a t i o n  r ece ived  a t  

t h e  t o p  of  t h e  atmosphere dec reases .  

For c u r r e n t  purposes ,  it i s  neces sa ry  t o  r e l a t e  hour ly  

r a t h e r  than  monthly averages .  Some guidance i s  provided  i n  

Reference (19)  th rough  ( 2 3 )  which t r e a t  t h i s  r e l a t i o n s h i p  on 

a  month by month b a s i s .  To develop a  s i n g l e  r e l a t i o n s h i p  t h a t  

can be used f o r  a l l  months, we w i i l  normal ize  observed s o l a r  

r a d i a t i o n  t o  t h e  long-term mean f o r  t h e  month and t ime of  day 

o f  t h e  o b s e r v a t i o n  and r e l a t e  sky cover  o b s e r v a t i o n s  t o  an 

a p p r o p r i a t e  mean. Normalized s o l a r  r a d i a t i o n  i s  simply SR/=, 

b u t  t h e  normal ized sky cover  e x p r e s s i o n  i s  more complex. To 

o b t a i n  a  nondimensional  sky cover  v a r i a b l e  w i t h  a  range o f  

ze ro  t o  two, and a  va lue  o f  one when t h e  sky cover  i s  equa l  t o  

t h e  mean v a l u e ,  we make t h e  fo l lowing  t r a n s f o r m a t i o n :  

where : i s  t h e  nondimensional  sky cover .  

I n i t i a l l y  we w i l l  t r e a t  t h e  c a s e  o f  low l e v e l  c louds  

( c e i l i n g  below 1 0 , 0 0 0 ' ) .  Then w e  w i l l  t r e a t  t h e  c a s e  o f  h igh  

l e v e l  c louds .  



AVERAGE S K Y  COVER DURING DAYLIGHT HOURS 

FIGURE 4 .  Annual V a r i a t i o n  o f  Average Sky 
Cover and S o l a r  Rzd ia t ion  



Matveev (19)  c i t e s  a number o f  s t u d l e s  i n  t h i s  a r e a  and 

g i v e s  l i n e a r , q u a d r a t i c  and exponen t i a l  models f o r  t h e  sky-cover 

i n s o l a t i o n  r e l a t i o n s h i p .  Other  z u t h o r s  ( 2 0 - 2 3 )  t end  t o  f avo r  a  

q u a d r a t i c  model, a l t h o u ~ h  t h e  model forms a r e  n o t  comple te ly  

comparable. A s  a  r e s u l t ,  f o r  t h e  law c loud  c a s e  we w i l l  t r y  

t h r e e  models and compare t h e  r e s u l t s .  The models a r e :  

and 3. F(sc*,=) = G ~ ( s )  = c  e x p ( c  r C 2 )  
0 1' 

The c o n s t a n t s  i n  t h e s e  models can be  e v a l u a t e d  us ing  t h e  random 

d a t a  sample taken  from t h e  p e r i o d  1967 through 1977. Average 

v a l u e s  o f  normal ized s o l a r  r a d i a t i o n  were computed f o r  5 = 0 

and 5 = 2 u s ing  t h e  0900, 1 2 0 0  and 1500 o b s e r v a t i o n s .  These 

averages  a r e  given i n  Table  12 a long  w i t h  t h e  s t a n d a r d  e r r o r s  

i n  t h e  e s t i m a t e s  o f  t h e  averages .  Cons tan ts  i n  G1 were 

e v a l u a t e d  us ing  t h e s e  va lues .  The c o n s t a n t s  i n  G2 and G 3  were 

e v a l u a t e d  us ing  t h e s e  va lues  a long  w i t h  t h e  assumption t h a t  

SR/SR = 1 when 5 = 1. Model c o n s t a n t s  a r e  g iven  i n  Table  1 3 ,  

and t h e  t h r e e  models a r e  compared w i t h  a  sma l l  d a t a  sample i n  

F igu re  5 .  

The l i t e r a t u r e  ( e . g . ,  References  ( 2 4 ) ,  (26)  and ( 2 7 ) )  

i n d i c a t e s  t h a t  h igh  c louds ,  p a r t i c u l a r l y  c i r r i f o r m  c louds ,  

have r e l a t i v e l y  l i t t l e  e f f e c t  on i n s o l a t i o n .  Table 1 2  shows 

t h a t  f o r  Hanford, when 5 = 2 and t h e  c e i l i n g  i s  above 1 0 , 0 0 0  

f t ,  t h e  average  normal ized s o l a r  r a d i a t i o n  i s  1 . 1 0 .  A s  a  

r e s u l t ,  v e  w i l l  assume t h a t  F(SC,=) i s  1 . 1 0  f o r  a l l  v a l u e s  

of  5 i f  t h e r e  i s  a high c e i l i n g .  F igu re  6  shows d a t a  f o r  h igh  

c louds  and t h e  l i n e  r e p r e s e n t i n g  SK/= = 1 . 1 0 .  



TABLE 1 2 .  Average and S tandard  E r r o r  
o f  Normalized S o l a r  Radia t ion  
During C lea r  and Overcas t  
S k i e s  a t  Hanford 

S t anda rd  
(SRISR) E r r o r  

2 (low c e i l i n g s )  .56  .08 

2 ( h i g h  c e i l i n g s )  1 . 1 0  . 0 7  

TABLE 13.  C o e f f i c i e n t  Values f o r  t h e  Models 
R e l a t i n g  Changes i n  Sky Cover and 
S o l a r  Radia t ion  

Model - i 



EXPONENTIAL MODEL 

TRANSFORMED SKY COVER, $ 

FIGURE 5 .  The R e l a t i o n s h i p  Between Normalized S o l a r  
R a d i a t i o n  and Transformed Sky Cover f o r  
Low Clouds.  



TRANSFORMED SKY COVER, 6 

FIGURE 6. The Relationship Between Normalized Solar 
Radiation and Transformed Sky Cover for 
High Clouds 



Both Figures 5 and 6 show a significant amount of scatter 

in the data. This is to be expected because we have not 

accounted for position of the clouds relative to a direct line 

between the sun and the pyreheliometer. Other factors contri- 

buting to the scatter include cloud type and atmospheric 

turbidity. 

Consistencv of the HNEC S~ecific Models 

In developing the sky cover and solar radiation models in 

the preceeding chapter we indicated a need for the sky cover 

frequency distributions for each month. The distributions 

assumed are presented in Table 14. Although the distributions 

are assumed, they are based on the information contained in 

Table 23 of Reference 28 and have been adjusted to give 

appropriate mean sky covers. The division of sky cover between 

high and low ceiling categories was adjusted using solar radi- 

ation data and the random data sample. 

When we substitute these frequency distributions into 

Equation (10) , we get: 

- 
SR - = F(SC,~)P(SC) 
Ro 

SC* 

If the solar radiation model F(sc,=) and the frequency 

distribution P(SC) are both correct then SR will be equal to 
- 
SRo and the summation will equal 1. 

Table 15 presents a comparison G F  the average sky cover 

conputed from the assumed frequency distributicns with 

climatological values and the values of the summation in 

Equation (13). The summations were carried out for mid-season 

months for the linear and quadratic models for F(sc,=) , and 
for all months for the exponential rriodel. In each case, the 



TABLE 14. Assumed Initial Sky Cover Frequency Distributions 

Sky 
Cover 
(tenths) Jan Feb Mar Apr May Jun Jul Auy Sep  Oct Nov Dec 

*Ceiling above 10,000 ft 



TABLE 15 .  Check on t h e  I n t e r n a l  Cons i s t ency  
o f  Assumed Monthly Sky Cover 
D i s t r i b u t i o n s  and t h e  Sky Cover 
I n s o l a t i o n  Models 

Average Normalized 
Sky Cover S o l a r  R a d i a t i o n  

A c t u a l  
Day l igh t  Assumed Model 

Hours PDF L i n e a r  Quadratic Exponen t i a l  

J anua ry  7.8 7.8 .96 .99 .39 

February  7.4 7.4 .98 

March 6.8 6 . 8  

A p r i l  6.4 6.4 

June  5 .3  5 .4  

J u l y  2 .8  3 .1  

August 3.2 3.2 

September 4 . 0  4 . 1  

October  5.9 5.9 

November 7.6 7.7 

December 8 . 1  8 . 1  

assumed d i s t r i b u t i o n  appea r s  t o  be r e a s o n a b l e .  However, t h e  

d a t a  i n  Tab le  15  a r e  o n l y  an i n d i c a t i o n  o f  r e a s o n a b l e n e s s .  

They do n o t  prove t h a t  t h e  d i s t r i b u t i o n s  a r e  c o r r e c t .  A t  b e s t  

t h e  d a t a  show t h a t  sky c o v e r  d i s t r i b u t i o n s  and s o l a r  r a d i a t i o n  

models a r e  i n t e r n a l l y  c o n s i s t e n t  w i t h  r e a d i l y  a v a i l a b l e  

c l i m a t o l o g i c a l  d a t a .  



RESULTS 

The development of the analytical tools for estimating 

changes in sky cover and solar radiation fcr the current study 

has been completed. It is clear that they are rudimentary. 

They are, in fact, a collection of "back of the envelope models" 

that only provide an indication of the order of magnitude of 

the potential changes. As we examine the rssults presented 

here, we must continually remember that the precision in the 

numerical values is not an indication of the precision of the 

Predicted increases in sky cover are qiven in Table 16 for 

6 areas in and around the HNEC. Each estimate is a spatial 

average. The HNEC estimates are averages for the area in the 

immediate vicinity of the assumed cluster l~cations. The Tri- 

Cities estimates are averages for the entire Richland, Kennewick, 

Pasco area. The ALE estimates are for the Arid Land Ecology 

study area along the southwest border of the Hanford Area. 

Wahluke Slope borders the northern side of the Hanford, and the 

Mesa-Eltopia area lies directly east of Hanford. Finally the 

Yakima Valley estimates are for the area around Sunnyside, 

Grandview and Prosser. 

Examining Table 16 we see the expected result that the 

maximum increases in sky cover occur in the immediate vicinity 

of the HNEC clusters. The predicted increases in average sky 

cover for the spring, fall and winter are statistically signi- 

ficant assuming an observation period of 11 years following 

completion of the BNEC and an unchanged sky cover variance. The 

predicted increases during the summer are not statistically 

significant. 

Off the Banford Area the greatest changes in sky cover are 

predicted for the Mesa-Eltopia and Tri-Cities areas. However, 

These increases are not statistically significant. 



TABLE 16. Predicted Increase in Sky Cover 
(in tenths) 

Existing - 
SC 

Daylight 
Hours Tri- 

(tenths) EINEC Cities ALE Wahluke Slope Mesa/Eltopia 

January 7.8 1.0** 0.3 0.2 0.2 0.4 

February 7.4 1.2** 0.4 0.2 0.2 

March 6.8 0.7* 0. I. 0.1 0.1 

April 6.4 0.8** 0.1 0.1 0.1 0.3 

June 5.3 0.4 0.1 0.1 0.1 0.1 

July 2.8 0.6 0.1 0.1 0.1 0.2 

September 4.0 1.6** 0.4 0.3 0.3 0.6 

October 5.9 1. I.* 0.3 0.2 0.2 0.4 

November 7.6 0.6* 0.2 0.2 0.1 0.2 

December 8.1 0.9** 0.3 0.2 0.1 0.3 

Yak i~na 
Valley 
0.1 

*Significant at the 55% confidence level 
**Significant at the 99% confidence level 

< less than .05 



A t  t h i s  p o i n t  we should b r i e f l y  d i s c u s s  s t a t i s t i c a l  s i g n i -  

f i c a n c e .  I n  t e s t i n g  s t a t i s t i c a l  s i g n i f i c a n c e  we u s e  S t u d e n t ' s  

t tes t  between means ( 3  0 , and assume t h a t  we have no more 

in fo rma t ion  about  e i t h e r  sky cove r  o r  s o l a r  r a d i a t i o n  t h a n  

provided by r e c o r d s  of  r o u t i n e  o b s e r v a t i o n s .  Ve 60 n o t  c o n s i d e r  

a  p r e d i c t e d  change s i g n i f i c a n t  u n l e s s  w e  have a t  l e a s t  95% 

conf idence  t h a t  t h e  d i f f e r e n c e  between t h e  c u r r e n t  c l i m a t o l o g i c a l  

mean and t h e  p r e d i c t e d  mean would n o t  r e s u l t  from normal 

v a r i a t i o n  between d a t a  samples.  The f a c t  t h a t  a  change i s  

e v a l u a t e d  a s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  does  n o t  nean it 

wouldn ' t  o c c u r ,  on ly  t h a t  it would be  d i f f i c u l t  t o  d e t e c t  

w i t h i n  t h e  t ime s p e c i f i e d  b e c a ~ s e  of  normal v a r i a b i l i t y  o f  t h e  

atmosphere.  

During t h e  cou r se  o f  t h e  s tudy  complete sets o f  computa- 

t i o n s  w e r e  made u s i n g  d i f f e r e n t  i n i t i a l  sky cover  d i s t r i b u t i o n s .  

The computat ions  i n d i c a t e  t h a t  t h e  p r e d i c t e d  changes i n  sky 

cover  and s o l a r  r a d i a t i o n  a r e  n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  

moderate changes i n  t h e  assumed sky cover  d i s t r i b u t i o n s  i f  t h e  

mean sky cover  remains r e l a t i v e l y  c o n s t a n t .  However t h e  r e s u l t s  

a r e  r a t h e r  s e n s i t i v e  t o  changes i n  t h e  mean sky cover .  

I n c r e a s e s  i n  sky cover  would be a e s t h e t i c a l l y  d i s p l e a s i n g ,  

however t h a t  would be d i f f i c u l t  t o  e v a l u a t e .  They would a l s o  

r e s u l t  i n  d e c r e a s e s  i n  s o l a r  r a d i a t i o n .  Tab le s  17  and 18 

p r e s e n t  t h e  changes i n  s o l a r  r a d i a t i o n  t h a t  a r e  p r e d i c t e d  t o  

r e s u l t  from an o p e r a t i n g  HNEC. 

Table  17 compares d e c r e a s e s  i n  s o l a r  r a d i a t i o n  p r e d i c t e d  by 

t h e  t h r e e  models r e l a t i n g  changes i n  sky cover  t o  changes i n  

i n s o l a t i o n .  P e r c s a l  o f  t h e  t a b l e  r a p i d l y  l e a d s  t o  t h e  con- 

c l u s i o n  t h a t  t h e  p r e d i c t e d  d e c r e a s e  i s  n o t  p a r t i c u l a r l y  s e n s i t i v e  

t o  t h e  model used w i t h i n  t h e  l i m i t s  o f  t h o s e  t e s t e d .  Throughout 

t h e  remainder  o f  t h i s  r e p o r t ,  t h e  e s t i m a t e d  changes i n  i n s o l a t i o n  

a r e  r e s u l t s  o b t a i n e d  us ing  t h e  e x p o n e n t i a l  node l .  



TABLE 1 7 .  Comparison o f  t h e  K e s u l t s  from L i n e a r ,  Q u a d r a t i c  
and Exponen t i a l .  Models f o r  t h e  R e l a t i o n s h i p  
Between Sky Cover and S o l a r  R a d i a t i o n .  Tab led  
Values  are P r e d i c t e d  D e c r e a s e s  i n  I n s o l a t i o n  
( ly /day  

Lower 
T r i -  Wahluke Yakima 

Model HNEC C i t i e s  ALE - S l o p e  Mesa /E l top ia  V a l l e y  

J a n u a r y  l i n e a r  2  3  8 5 4 10  3  

q u a d r a t i c  24 8 5 4  1 0  3  

e x p o n e n t i a l  2 4  9  5 4 1 0  3  

A p r i l  l i n e a r  5 3  10 7  7  

q u a d r a t i c  4 9  9  6 6 

e x p o n e n t i a l  51  9  6 6 2 1  4 

J u l y  l i n e a r  39 6 5 5 1.3 3 

q u a d r a t i c  3 1  4  4 4 11 2 

e x p o n e n t i a l  32 5 4  4 11, 2 

O c t o b e r  l i n e a r  35  9  6 6 1 4  4  

q u a d r a t i c  3 3  8 6 5 12 4  

e x p o n e n t i a l  3 3  9 6 6 1 1. 4  



The g r e a t e s t  i n p a c t  on s c l a r  r a d i a t i o n  i s  seen  i n  Table  18  

t o  be i n  t h e  i m ' e d i a t e  v i c i n i t y  of  t h e  c l u s t e r s .  I n  g e n e r a l ,  t h e  

p r e d i c t e d  r e d u c t i c n s  i n  s o l a r  r a d i a t i o n  a r e  about  2 0 %  i n  t h e  

w i n t e r ,  1 0  t o  15% i n  t h e  s p r i n g  and f a l l ,  and 5% i n  t h e  surrmer. 

Except f o r  August,  t h e  d e c r e a s e s  a r e  s t a t i s t . i c a l l y  s i g n i f i c a n t .  

I n  most c a s e s ,  we would have 9 9 9  conf idence  t h a t  t h e  p r e d i c t e d  

d e c r e a s e s  w a s  n o t  a normal v a r i a t i o n .  

The o f f s i t e  impacts  a r e  g r e a t e s t  i n  t h e  Mesa-Eltopia and 

T r i - C i t i e s  a r e a s  a s  expected from t h e  chznges i n  sky cove r .  

But ,  we n o t e  t h a t  t h e  d e c r e a s e s  i n  s o l a r  r a d i a t i o n  p r e d i c t e d  

f o r  t h e s e  a r e a s  f o r  February and f o r  t h e  Mesa-Eltopia a r e a  f o r  

March and :flay a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  even though t h e  

changes i n  sky cover  w e r e  n o t  s i g n i f i c a n t .  We f u r t h e r  n o t e  

t h a t  each  s i g n i f i c a n t  change i n  sky cove r  is  p a i r e d  w i t h  a 

s i g n i f i c a n t  dec rease  i n  s o l a r  r a d i a t i o n .  This  l e a d s  t o  t h e  

conc lus ion  t h a t  changes i n  s o l a r  r a d i a t i o n  would be  a more 

s e n s i t i v e  i n d i c z t o r  o f  an a tmospher ic  m o d i f i c a t i o n  than  changes 

i n  s k y  cover .  This  conc lus ion  i s  r easonab le  and might have 

been expec ted  s i n c e  i n s o l a t i o n  measurements a r e  much more p re -  

c i s e  t han  sky cover  e s t i m a t e s .  I t  might a l s o  have been expec t ed  

because t h e  c o e f f i c i e n t  o f  v a r i a n c e  o f  t h e  monthly averaqe  

i n s o l a t i o n  i s  s i g n i f i c a n t l y  s m a l l e r  t han  t h a t  f o r  monthly 

average  sky cover .  

The combined e f f e c t s  of t h e  sky cove r  and s o l a r  r a d i a t i o n  

changes f o r  t h e  a r e a  i n  t h e  v i c i n i t y  of  t h e  HNEC c l u s t e r s  a r e  

sun-znarized i n  F i g u r e  7 .  The c u r r e n t  r e l a t i o n s h i p ,  shown i n  

F i g u r e  4 ,  i s  shown i n  dashed l i n e s  f o r  comparison. The obvious  

change t o  be  no ted  i s  t h e  s h i f t  of t h e  enc losed  a r e a  toward 

i n c r e a s e d  c l o u d i n e s s  and lower i n s o l a t i o n .  There i s  a l s o  a 

change i n  t h e  shape of  t h e  a r e a ,  which i n d i c a t e s  a more r a p i d  

o r  e a r l i e r  s h i f t  from summer t o  f a l l  and more g r a d u a l  b u t  

de layed  s h i f t  from s p r i n g  i n t o  suImer. The e c o l o g i c a l  s i g n i -  

f i c a n c e  of  t h e s e  changes needs e v a l c a t i o n .  



January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

TABLE 18. Predicted Decrease in Solar Radiation 
(ly/day) 

Existing - 
S R  

(ly/day) 

120 

Tri- 
IINEC C i-t i.es 

2 4  * *  9 

ALE - 
5 

R 

5 

6 

8 

4 

4  

3 

10 

6 

3 

4 

Wahluke Slope 

4  

7 

5 

6 

8 

4  

4  

3 

9 

6 

3 

3 

Yakima 
Valley -- 

3 

*Significant at the 95% confidence level 
**Significant at the 99% confidence level 
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V i c i n i t y  of an Opera t ing  HNEC 



Earlier we disccssed the uncer.tai_?ty in the conversicn from 

cooling system effluent concentration to increase in sky cover, 

and promised to compare the estimated changes with "worst case" 

estimates. Those comparisons are presented in Tables 19 and 20. 

In general, the "worst case" changes in sky cover and solar 

radiation for January are only slightly larger than those 

estimated originally. In April and October the worst cases 

changes are about a factor of two larger than those originally 

estimates, and in July the "worst case" estimates are larger by 

a factor of 4 or more. 

.In the Mesa-Eltopia Area the "worst case" changes in both 

sky cover and solar radiation are statistically significant 

for each month for which they were evaluated. In the Tri-Citizs, 

the worst case sky cover increases are statistically signifi- 

cant for January as are the solar radiation decreases for 

January and October. In the other areas even the "worst 

case" changes are not considered statistically significant. 



TABLE 1 9 .  C ~ m p a r i s o n  o f  P r e d i c t e d  I n c r e a s e s  
i n  Sky Cover w i t h  Worst Case Va lues  

J a n u a r y  A p r i l  J u l y  O c t o b e r  

HNEC 

T r i - C i t i e s  P . 3  .1 .1 
WC . 4  . 4  . 6  

ALE 

Wahluke S l o p e  P .2  .1 .1 
WC . 2  .2 . 3  

Yakima V a l l e y  P .1 .1 .1 
FJ C .1 .1 .2  

E x i s t i n g  Mean Sky 
Cover ( d a y l i g h t  h o u r s )  7 .8  6.4 2 .8  

* S i g n i f i c a n t  a t  t h e  95% c o n f i d e n c e  l e v e l  
* * S i g n i f i c a n t  a t  t h e  99% c o n f i d e n c e  l e v e l  

TABLE 20. Comparison o f  F r e d i c t e d  D e c r e a s e s  
i n  S o l a r  R a d i a t i o n  w i t h  Worst Case 
Va lues  

J a n u a r y  A p r i l  J u l y  O c t o b e r  

HNE C 

T r i - C i t i e s  P  9 9  5  
WC 11* 2  3  24 

ALE 

Wahluke S l o p e  P 4 6  4  
WC 5 1 3  14  

Yakima V a l l e y  P 3  4 2  
WC 3  8  1 0  

E x i s t i n g  Xean S o l a r  
~ a d i a t i o n  ( l y / ? a y )  120 475 659 

* S i g n i f i c a n t  a t  t h e  95% c o n f i d e n c e  l e v e l  
* * S i g n i f i c a n t  a t  t h e  99% c o n f i d e n c e  l e v e l  



CONCLUSIONS 

Using a combination of "back of the envelope'' models we 

have estimated the changes in sky cover and solar radiation that 

might result from the operation of a Hanford Nuclear Energy 

Center. We have assumed that the center is composed of 20 

power reactors using mechanical draft cooling towers and that 

all reactors operate continuously. In addition, we have assumed 

that the climatological conditions of the Hanford Meteorological 

Station are representative of the current conditions for the 

entire area surrounding the HNEC. Aqain we must remember that 

the models used are rudimentary and that numerical precision 

does not indicate ~.cdel accuracy. 

Based on the models and these assumptions we have arrived 

at the following conclusions: 

1) Increases in sky cover and decreases in solar radiation 

resulting from the operation of an HNEC would generally 

be small outside the immediate vicinity of the reactor 

clusters. 

2) The changes in sky cover an2 solar radiation in the 

immediate vicinity of the clusters would be statistically 

significant during the fall, winter and spring. During 

the summer, the decreases in June and July solar 

radiation would also be significant. 

3) The decreases in solar radiation predicted for the 

Mesa-Eltopia area for February, March and May are 

statistically significant, as is the decrease in the 

Tri-Cities for February. 

4) When "worst case" assumptions are made for the con- 

version of cooling system effluent concentrations to 

increases in sky cover, the estimated changes in both 



s k y  c o v e r  and s o l a r  r a d i a t i o n  from t h e  o r i g i n a l  

e s t i m a t e s  r a n g e  from a  few p e r c e n t  i n  J a n u a r y  t o  a  

f a c t o r  of 4 o r  mare i n  J u l y .  

5 )  The p r e d i c t e d  changes  i n  sky  c o v e r  and s o l a r  r a d i a t i o n  

a r e  n o t  p a r t i c u l a r l y  s e n s i t i - ~ e  t o  changes  i n  t h e  

i n i t i a l  sky  c o v e r  d i s t r i b u t i o n  i f  t h e  mean s k y  c o v e r  

r emains  r e a s o n a b i y  c c n s t a n t ,  and t h e  changes  i n  s o l a r  

r a d i a t i o n  a r e  n o t  s e n s i t i v e  t o  t h e  model r e l a t i n g  s k y  

c o v e r  and i n s o l a t i o n .  

6 )  Changes i n  s o l a r  r a d i a t i o n  a r e  l i k e l y  t o  b e  a  more 

s e n s i t i v e  i n d i c a t o r  o f  a t m o s p h e r i c  m o d i f i c a t i o n  t h a n  

a r e  changes  i n  sky  c o v e r .  

I n  a d d i  

d i s t r i b u t i o n  

The s p e c i f i c  

l a r g e  P x t z n t  

HNEC and on 

t i o n ,  it i s  r e a d i l y  a p p a r e n t  t h a t  

i s  one  o f  t h e  most i m p o r t a n t  f a c  

i m p a c t s  p r e d i c t e d  a t  a  g i v e n  rec 

on t h e  p o s i t i o n  o f  t h e  r e c e p t o r  

t h e  w i n d . d i r e c t i o n  d i s t r i b u t i o n .  

t h e  wind d i r e c  

t o r s  c o n s i d e r e d  

e p t o r  depend t o  

r e l a t i v e  t o  t h e  

The p r e d i c t e d  changes  i n  s k y  c o v e r  and s o l a r  r a d i a t i o n  have  

been e v a l u a t e d  f o r  s t a t i s t i c a l  s i g n i f i c a n c e ,  which r e l a t e s  t o  

o u r  a b i l i t y  t o  d e t e c t  t h e  change.  F u r t h e r  s t u d i e s  a r e  needed 

t o  e v a l u a t e  t h e  s o c i a l  and e c o l o g i c a l  s i g n i f i c a n c e  o f  t h e  

p r e d i c t e d  changes .  
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